Background: There have been a number of reports regarding possible associations between the incidence of female breast cancer and ambient air pollution. Only one study has been published about possible association with ultrafine particles (UFPs; <0.1 μm). Methods: We conducted a case-control study of incident postmenopausal breast cancer in Montreal, Canada. Cases were identified between 1996 and 1997 from all hospitals that treated breast cancer. Controls were women diagnosed with other sites of cancer and frequency-matched to cases by hospital and 5-year age groups. Concentrations of UFPs were estimated using a land-use regression model developed in 2011-2012 and assigned to women's residential addresses at time of diagnosis. Odds ratios (OR) and 95% confidence intervals (95% CI) were estimated using logistic regression models adjusting for individual-level and ecological covariates. Results: We found that the response functions between UFPs and incident, postmenopausal breast cancer were consistent with linearity. Adjusted ORs of 1.08 (95% CI = 0.96, 1.21) were found for an increase in UFPs equal to the interquartile range (IQR). We found higher ORs among cases with positive estrogen (ER+) and negative progesterone receptor (PR−) (OR = 1.23; 95% CI = 1.04-1.45) and for women with ER−/PR− status (OR = 1.23; 95% CI = 0.99-1.54). We also found stronger associations when analyses were restricted to those women who had not lived at their current address for 10 years or more (OR = 1.27; 95% CI = 0.94-1.71). Conclusions: Our findings suggest that exposure to ambient UFPs may increase the risk of incident postmenopausal breast cancer, especially among cases with ER+/PR− and ER−/PR− receptor status.
Introduction
Breast cancer ranks first among all cancers in the world affecting women. In 2012, the International Agency for Research on Cancer estimated 1.67 million new cases (25% of all incident cancer cases 1 ). In Canada in 2016, the age-adjusted rate was 130 per 100,000 women 2 ; it accounts for 25% of all cancers diagnosed in women, the lifetime probability of dying from breast cancer is 1 in 30, and the 5-year survival rate after the diagnosis of breast cancer is 87%. The population-attributable risk percent for accepted risk factors (including alcohol consumption, hormonal therapy, age, age at menarche, age at first birth, family history of breast cancer, prior benign breast disease) has been estimated recently at 70%. 3 There have been a number of recent reports regarding possible associations between the incidence of female breast cancer and various markers of ambient air pollution. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] We have reported previously the results of a case-control study conducted in the mid-1990s in Montreal, Quebec, in which we found a number of occupational risk factors for postmenopausal breast cancer, 15 including combustion-related exposures, especially among women with positive estrogen receptor (ER) and positive progesterone (PR) receptor status. We found in the same study 7, 8 an association with ambient nitrogen dioxide (NO 2 ) measured
What this study adds
Air pollution has been classified as a human carcinogen by International Agency for Research on Cancer, based mostly on results of lung cancer. Little research has been conducted on other sites of cancer. Previous findings by other researchers and our team have suggested positive associations between incident breast cancer in women and spatial variations in NO 2 . This article represents the second study that has been used to determine whether spatial variability in ultrafine particles may be associated with postmenopausal breast cancer. The present study, therefore, contributes to our meager knowledge of the carcinogenicity of ambient air pollution.
at street level, which is an accepted marker for traffic-related air pollution. 16, 17 In another population-based case-control study of postmenopausal breast cancer in Montreal that we conducted between 2008 and 2011, there was little evidence of associations for ultrafine particles (UFP; <0.1 μm in diameter), another marker of traffic-related air pollution, with odds ratios (OR) about 1.01 for an increase of about 3500 /cm 3 , although slightly higher ORs were found among cases with positive ER and PR status. 18 In this article, using data from our first case-control study in which we have reported associations with ambient NO 2 and occupational hazards, 7, 8, 15 we present results of associations between postmenopausal breast cancer and number concentrations at street level of UFPs that were predicted from a land use regression model, using observations made in 2011-2012, and thereafter estimated at participants' residences at time of diagnosis (1996) (1997) .
Methods
We have provided previously a detailed description of the methods of this study. 8, 9, 15, 19 Briefly, we conducted a hospital-based case-control study of incident, invasive, postmenopausal breast cancer. The target population comprised postmenopausal women, aged 50-75 years at time of diagnosis who in 1996 and 1997 were residents of the greater Montreal area. Women were menopausal according to the WHO criteria for menopausal status. 20, 21 Cases were diagnosed with primary, invasive breast cancer (International Classification of Diseases, 9th revision, code 174) confirmed histologically. We identified cases from all 18 hospitals in the region that treated breast cancer. To minimize the potential for recall bias, control subjects were selected at the same time and from the same hospitals as the cases and had one of 32 other selected sites of incident, histologically confirmed cancers. This design was developed by Siemiatycki et al 22 in the late 1970s. The study was designed originally to investigate occupational exposures to selected substances, and thus, certain sites of cancer (i.e., liver and intrahepatic bile duct; pancreas; lung, bronchus and trachea; brain and central nervous system; leukemias and lymphomas) were excluded because of their possible association with occupational exposures. Controls were also approximately frequency-matched to cases by age in 5-year age bins.
One to three months after diagnosis, participants completed an interviewer-administered, structured questionnaire on their occupational history and other personal risk factors, including reproductive history, educational attainment, family history of breast cancer, age at menarche, smoking and alcohol consumption, weight and height 2 years before the interview (hence, body mass index), and home address (with duration of residence at that address) at time of diagnosis. Ethics committees at all participating hospitals and affiliated universities approved the protocol, and informed consent was obtained from participating subjects.
As deprived populations often live in areas characterized by higher concentrations of air pollution, 7, 23 neighborhood socioeconomic status may be a confounding factor. Thus, we obtained data from the 1996 Canadian Census for unemployment rate, low education, and median household income for subjects' addresses in 350 census tracts in Montreal (hereafter, referred to as neighborhood ecologic covariates).
A land-use regression model for ultrafine particles
As part of our program of developing land-use regression maps for Canadian cities, we developed a model to estimate ambient concentrations of UFPs across the Island of Montreal. 24 In summary, this model was derived from a mobile monitoring campaign conducted between 2011 and 2012. 24 Data from 414 road segments, including major and minor roads, were used, and the main prediction variables were parking space (200-m buffer), open space (100-m buffer), local roads (100-m buffer), length of rail (100-m buffer), and annual NOx emissions (100-m buffer). The R 2 from the land-use regression model was 0.62.
Statistical analysis
As our land use model was derived for the Island of Montreal, we included in the present analyses only those women living there. We assigned modeled concentrations of UFPs from the measurement campaign in 2011-2012 to geocoded street addresses or to centroids of the associated six-character postal code areas, of women at the time of interview (1996) (1997) .
(In urban areas, a six-character postal code represents a block face or a large complex, such as an apartment building or office tower.) As there does not exist any historical data on UFPs and other pollutants are not well correlated (e.g., Spearman correlation coefficient of 0.14 for subjects' addresses from our land use regression model of UFPs and of NO 2 7,8 ), we could not use any back-extrapolation methods (e.g., Chen et al 25 ) to estimate past concentrations. As a separate analysis, we stratified the data according to whether the women had been living at the same address in the previous 10 years or not. As we did not have lifetime residential histories, we selected the 10-year cutoff to restrict to those women who had longer-term exposures at the same address.
We used logistic regression to estimate ORs and 95% confidence intervals (CI). Continuous covariables were modeled as natural cubic spline functions, 26 usually on two or three degrees of freedom, with linear terms used if there was no evidence of nonlinearity. As we did not want to lose power by excluding missing values, and more complex methods such as multiple imputation were not warranted because of the few missing values, we often fitted continuous covariates as categorical ones with cut points chosen to reflect the response pattern, and thus, missing values were included as their own category.
We developed three statistical models that incorporated different sets of covariates. Model 1 included only age as a continuous, linear covariate. Model 2 included additional personal risk factors, including family history, age of bilateral oophorectomy, education, ethnicity, age at menarche, age at first full-term pregnancy, cumulative number of weeks of breast feeding, number of years of oral contraceptive use, use of hormonal replacement therapy, body mass index 2 years before diagnosis, tobacco exposure (personal, passive smoking at home and occupational exposures to tobacco smoke), alcohol status, proxy interview (all as factor effects). Model 3 includes the same set of covariates as Model 2 but, to account for possible spatial clustering or neighborhood effects, we added the contextual variables unemployment rate (as a linear effect), low education (as a linear effect) and median household income (as a linear effect).
Hormonal receptor status was categorized as positive or negative for estrogen (ER+ or ER−) or for progesterone (PR+ or PR−), as provided in the pathology reports. We thus conducted separate analyses according to combinations of these receptors.
Results
A total of 1631 subjects were eligible for this study. We conducted 608 interviews among cases and 667 among control subjects, thus, obtaining response rates of 81.1% for cases and 75.7% for controls. Nonresponse was due mostly to refusal of subjects to be interviewed (18.1% of all subjects) and to doctors not granting permission to contact their patients (3.6%). One hundred six women were premenopausal and were excluded from these analyses of postmenopausal breast cancer, thus, leaving 556 cases and 613 controls. Proxy respondents, who were close family members, completed a total of 75 of the questionnaires. After excluding women not living on the Island, we had for the analyses 375 cases and 413 controls. Table 1 shows the distribution of accepted and potential risk factors for postmenopausal breast cancer. We found increased risks for accepted risk factors (familial history of breast cancer, previous breast disease, education, early age at menarche, later age at first full-term pregnancy, oral contraception therapy, duration of hormone replacement therapy, alcohol consumption). Finding the usual risk factors for breast cancer suggests that the control group was a representative sample of the target. We did not find associations for body mass index, an accepted risk factor for breast cancer, or for breastfeeding and active smoking or environmental tobacco smoke, for which in our opinion there is insufficient evidence to classify these exposures as established risk factors. Table 2 shows the distribution of modeled concentrations of UFPs assigned to subjects' addresses, with median concentrations of UFPs for cases being about 23,370 counts per cubic centimeter (/cm 3 ) and for controls 23,100 /cm 3 . We also show values by duration of residence at that address and by ER/PR status, and the distributions were similar to those above. Figure 1 shows the fitted response function for UFPs, modeled using a natural cubic spline on three degrees of freedom and adjusted for age, personal, and ecological covariates. The curve was consistent with a linear response, and linearity was also found in all the subanalyses. We, thus, computed for presentation ORs for increases in the IQR of UFPs. Table 3 shows the ORs for the three statistical models, and we also show risk estimates by duration of residence in their homes at time of diagnosis. The fully adjusted OR per IQR increase (4719 particles/cm 3 ) (Model 3) was 1.08 (95% CI = 0.96-1.21), and the OR for women living at their residence of 10 or more years was 1.06 (95% CI = 0.90-1.24). A larger risk was found for those living at their homes for less than 10 years (OR = 1.27; 95% CI = 0.94-1.71). Table 4 shows the results of the analyses in which cases were classified by estrogen (ER+ or ER−) and progesterone (PR+ and PR−) status, and by duration of residence at their address at time of interview. We found no increase in risk for cases classified as ER+/PR+ (OR = 0.98) but did find elevated ORs for ER+PR− and ER−/PR− (OR = 1.23; 95% CI: = 1.04-1.45 and OR = 1.23; 95% CI = 0.99-1.54). Analyses by duration of residence was restricted to cases with ER+/PR+ status, as the other subtypes had too few cases, and the ORs were close to the null.
Discussion
In this hospital-based, case-control study of postmenopausal breast cancer in Montreal, Canada, we determined the association between incidence and estimates of ambient UFPs near participants' residences. We found an increased risk of about 8% for an increase equal to the IQR, and among cases with ER+/PR− status, we found an increase of 21%.
The findings of our previous analyses of the present study 7, 8 showed a 31% increase in risk for an increase of 5 parts per billion (ppb) of ambient nitrogen dioxide (NO 2 ) measured at street level. In our previous occupational analysis of this study, we also found associations with occupationally generated carbon monoxide (occurring as combustion products), monoaromatic hydrocarbons such as benzene, especially among cases with ER+/PR− status, and with polycyclic aromatic hydrocarbons from combustion of petroleum liquids, especially among cases with ER+/PR+ status. 15 An important strength of the present study was the high response rates, and so it is unlikely that there was an important selection bias, especially as we found associations in the expected directions with most of the accepted risk factors, except for body mass index that did not show a monotonic increase in the ORs. It is possible that the lack of an association for body mass index may suggest some bias in the sample, possibly due to using cancer controls, although the findings could be due to chance. As in all epidemiological studies, residual confounding effects may still be due to misclassification of exposure of UFPs (measured at the residence and not taking into account workplace address or commuting routes) or to excluding other occupational and nonoccupational risk factors (e.g., X-or gamma-radiation, dieldrin, digoxin, ethylene oxide, polychlorinated biphenyls, or shift work), 27 although these errors would likely be nondifferential and would have drawn our risk estimates toward the null.
The finding of higher risks among women living in their homes for less than 10 years is counter to the hypothesis that UFPs may be acting as early-stage carcinogens but may have resulted from them acting at a later stage, or from chance, or from other undetected biases. We have published recently results from a population-based case-control study conducted in Montreal between 2008 and 2011, where we did not find evidence of associations for UFPs across all subjects (ORs in the order of unity per IQR), but we found slightly larger associations among cases with positive estrogen and progesterone receptor status (ORs of about 1.03). 18 Differences in the ORs between studies are not dramatic (1.08 in the present study versus unity in the former), and such differences could be expected by chance. There were, however, notable differences between the design and conduct of the two studies. We used the same land use regression model for UFPs as in the present study, but the information on addresses in the preceding study corresponded closely with the measurement campaign that formed the basis of the land use model. In the population-based study, we had relatively low response rates (about 50%), and the associations with accepted risk factors were not as strong as expected. With only two studies of breast cancer and ultrafine particles, it is of course impossible to make any firm conclusions regarding possible associations.
Ground-level UFPs are generated by internal combustion engines and through secondary processes, such as nucleation. The usage of diesel in Canada is much lower than in other jurisdictions; in 2009, the diesel fleet was estimated to comprise 3.1% of light vehicles (19.8 million total), 72% of medium trucks (450,000), and 100% of heavy trucks (320,000). 28 (Buses, boats and train locomotives also use diesel fuels.) The distributions of UFPs found in Montreal 24 were similar to those reported elsewhere. 29 The mean concentration measured across Montreal was about 39,000 /cm 3 , and higher concentrations of UFPs were found near major roads, rail yards, the international airport, and highways 24 (see eFigure 1; http://links.lww.com/EE/ A1), and the spatial distribution of UFPs was different from that of NO 2 . 7, 8 In our study population, the mean concentration was around 25,000 /cm 3 , implying that few subjects lived near the major sources of UFPs. Thus, the relatively low ORs for UFPs found in the present study may have been due to a lack of highly exposed subjects.
We showed in an exposure survey in three cities in Canada that the strongest positive predictor variables for UFPs were traffic density, diesel counts, and roadways, and the strongest negative predictor was residential land use. 30 The land use map in the supplement figure bears this out, with the highest concentrations found on highways and major roads. It is possible that the mobile monitoring may have overestimated concentrations, Differences in the number of subjects between the two exposure groups were due to missing data. ER indicates estrogen receptor; IQR, interquartile range; PR, progesterone receptor; UFP, ultrafine particles. as they are not taken at stationary sites adjacent to the roads, but it is not known whether the use of fixed-site monitors would have led to different ORs. In the end, use of any land use regression approach to infer exposures to individuals will have error, and Berkson errors may predominate, 31 but the total measurement error is likely to be independent of case status.
We note that diesel vehicles mainly emit particles in the accumulation mode (0.12-2 μm) and gasoline vehicles emissions are mainly composed of nucleation-mode particles (<0.01 μm) and that measured emissions in particle numbers (from about 6-1000 nm) were higher for a diesel versus a gasoline vehicle. 32 Under high-speed conditions, emission rates were similar between both types of vehicles, although under most operating conditions, spark-ignition vehicles produced lower emission rates. 33 Fruin et al 34 observed that on freeways, diesel-fueled vehicles are mainly responsible for UFP concentrations. However, on arterial roads, they found that gasoline-powered vehicles subject to hard accelerations mainly drove UFP concentrations. Hu et al 35 partially explained elevated UFP concentrations in a residential neighborhood of Los Angeles by the presence of numerous stop signs and stop lights.
Our exposure model for UFPs was developed in 2011-2012 and, thus, reflects spatial patterns in ambient concentrations of UFPs about 15 years after the identification of subjects. Spatial Table 3 Associations between incident, postmenopausal breast cancer and a linear response to ambient concentrations of UFP (/cm 3 ), according to time of residence in the year of diagnosis, Montreal, 1996-1997 The model 2 is adjusted for age as a linear effect, family history, age of bilateral oophorectomy, education, ethnicity, age at menarche, age at first full-term pregnancy (35 weeks), cumulative breastfeeding duration (in weeks), number of years of oral contraceptive use (in years), use of hormonal replacement therapy, body mass index (2 years before interview), tobacco exposure (personal and passive smoking at home and at work), alcohol status, proxy interview (all as factors). The model 3 is adjusted for age as a linear effect, family history, age of bilateral oophorectomy, education, ethnicity, age at menarche, age at first full term pregnancy (35 weeks), cumulative breastfeeding duration (in weeks), number of years of oral contraceptive use (in years), use of hormonal replacement therapy, body mass index (2 years before interview), tobacco exposure (personal and passive smoking at home and at work), alcohol status, proxy interview (all as factors). The census variables, included as linear effects, are unemployment rate, low education, and median household income. The IQR for UFP is 4719 /cm 3 , 4270 /cm 3 , and 5199 /cm 3 for all subjects, subjects living at their current dwelling at least 10 years prior to year of diagnosis, and subjects not living at their current dwelling at least 10 years prior to year of diagnosis, respectively. CI indicates confidence interval; IQR, interquartile range; OR, odds ratio; UFP, ultrafine particles. The model 2 is adjusted for age as a linear effect, family history, age of bilateral oophorectomy, education, ethnicity, age at menarche, age at first full term pregnancy (35 weeks), cumulative number of breastfeeding (in weeks), number of years of oral contraceptive use (in years), use of hormonal replacement therapy, body mass index (two years before interview), tobacco exposure (personal and passive smoking at home), alcohol status, proxy interview (all as factors). The model 3 is adjusted for age as a linear effect, family history, age of bilateral oophorectomy, education, ethnicity, age at menarche, age at first full term pregnancy (35 weeks), cumulative number of breastfeeding (in weeks), number of years of oral contraceptive use (in years), use of hormonal replacement therapy, body mass index (two years before interview), tobacco exposure (personal and passive smoking at home), alcohol status, proxy interview (all as factors). The census variables, included as linear effects, are unemployment rate, low education, and median household income. 37 of smaller particles (10-20 nm) than older models. 38 The association between air pollution and breast cancer It may be worthwhile to place the results of the present study in context with other studies estimating associations between breast cancer and air pollution. The associations with particulate matter were first investigated in two case-control studies in New York State. Associations in one of two counties on Long Island, New York, were found with "high density" vehicular traffic, but based on a handful of exposed cases. 4 In a case-control study in upper New York State, higher concentrations of total suspended particulates measured at the address of time of birth of subjects were associated positively with postmenopausal breast cancer but not with premenopausal breast cancer. 5 In a subsequent paper from this study, 6 a dispersion model for exposures to benzo[a]pyrene was used as a proxy for emissions to traffic-related pollution, and associations were found among premenopausal women using their address at time of menarche. In the Nurses' Health Study II, 12 no associations were found for incident breast cancer and fine particulate matter (PM 2.5 ), but increased rates were found among premenopausal and postmenopausal women living within 50 m of major roads. In the Sister Cohort, 10 adjusted hazards ratios (HR) for incident breast cancer for an increase in the IQR of PM 2.5 (3.6 μg/m 3 ), from a smoothed national surface from fixed-site monitors, was 1.03 (95% CI = 0.96-1.11). In the Danish Nurse's Cohort study, Andersen et al, 13 using an atmospheric chemistry transport model (THOR, AirGIS), found no associations with PM 2.5 (HR = 0.99 per increase of 3.3 μg/m 3 ; 95% CI = 0.94-1.10) or PM 10 (HR = 1.02 per 2.9 μg/m 3 ; 95% CI = 0.94-1.10). In a paper describing the results of analyses of incident postmenopausal breast cancer in 15 European cohorts (ESCAPE), Andersen et al 14 made use of separate land use regression models for NO 2 , PM 10 , and PM 2.5 , and back-extrapolated values were assigned to the residential addresses of participants. The pooled estimates were as follows: for PM 2.5 , the HR was 1.05 (95% CI = 0.77-1.51) for an increase of 5 μg/m 3 , and for PM 10 , the HR was 1.00 (95% CI = 0.80-1.25) for an increase of 10 μg/m 3 . Ambient NO 2 measured at street level is an accepted marker for traffic-related air pollution. 16, 17 As noted in the Introduction, we found for the present study population an association with a land use model of ambient NO 2 , as measured at street level; namely, for each increase of 5 ppb, the adjusted OR was 1.31 (95% CI = 1.00-1.71). 7, 8 As well, we found in the same study associations with a number of occupational risk factors for postmenopausal breast cancer, including combustion-related exposures, especially among women with ER+/PR+ receptor status. 15 In the Danish Diet Cancer and Health Cohort, 9 the adjusted HR for mostly postmenopausal incident, breast cancer, for an increase of 100 μg/m 3 of NOx was 1.16 (95% CI = 0.89-1.51), according to computed concentrations from the Danish AirGIS system. In another case-control study conducted in eight Canadian provinces, we found associations between both postmenopausal and premenopausal breast cancer and concentrations of NO 2 11 : for an increase of 10 ppb in scaled satellite observations of NO 2 for premenopausal women, we found an OR of 1.32 (95% CI = 1.05-1.67), and for postmenopausal women, we observed an OR of 1.10 (95% CI = 0.94-1.28). In the Sister Cohort, 10 for an increase in the IQR of concentrations of NO 2 (5.8 ppb), the HR was 1.02 (95% CI = 0.97-1.02), and increased risks were found for cases with positive ER and positive PR status (HR = 1.10; 95% CI = 1.02-1.19). In the Danish Nurse's Cohort study, 13 no association was again found for NO 2 (HR = 0.99 per 7.4 μg/ m 3 ; 95% CI = 0.93-1.05). In the ESCAPE cohort, 14 the pooled estimates were as follows: for NO x , the HR was 1.04 (95% CI = 1.00-1.08) for an increase of 20 μg/m 3 , and for NO 2 , the HR was 1.07 (95% CI = 0.98-1.07) for an increase of 10 μg/m 3 . Given that the data are still limited, although the ESCAPE project did add considerably to the body of literature, it may be premature to make causal statements regarding breast cancer, especially for premenopausal cancer, but the results are suggestive of a positive association for specific markers of trafficrelated pollution (NOx and NO 2 ).
Conclusions
Our findings suggest that exposure to ambient UFPs may increase the risk of incident postmenopausal breast cancer. This is the second study to estimate the relationship between ambient UFPs and breast cancer, and our findings require replication, especially in areas in which diesel usage is much higher.
